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Highlights
● Diffusion changes assessed at two time points following epilepsy surgery. 
● Graph theory and connectometry revealed substantial longitudinal diffusion changes.
● Changes were found beyond the site of resection.
● Postoperative seizure freedom associated with longitudinal structural changes.
2Abstract 
Objective: To characterise temporal lobe epilepsy (TLE) surgery-induced changes in brain 
network properties, as measured using diffusion weighted MRI, and investigate their association 
with postoperative seizure-freedom.
Methods: For 48 patients who underwent anterior temporal lobe resection, diffusion weighted 
MRI was acquired pre-operatively, 3-4 months post-operatively (N=48), and again 12 months post-
operatively (N=13). Data for 17 controls were also acquired over the same period. After registering 
all subjects to a common space, we performed two complementary analyses of the subjects’ 
quantitative anisotropy (QA) maps. 1) A connectometry analysis which is sensitive to changes in 
subsections of fasciculi. 2) A graph theory approach which integrates connectivity information 
across the wider brain network.
Results: We found significant postoperative alterations in QA in patients relative to controls 
measured over the same period. Reductions were primarily located in the uncinate fasciculus and 
inferior fronto-occipital fasciculus ipsilaterally for all patients. Larger reductions were associated 
with postoperative seizure-freedom in left TLE. Increased QA was mainly located in corona radiata 
and corticopontine tracts. Graph theoretic analysis revealed widespread increases in nodal 
betweenness centrality, which were not associated with patient outcomes.   
Conclusion: Substantial alterations in QA occur in the months after epilepsy surgery, suggesting 
Wallerian degeneration and strengthening of specific white matter tracts. Greater reductions in QA 
were related to postoperative seizure freedom in left TLE.
Keywords: Temporal Lobe Epilepsy, Longitudinal study, Seizure-freedom
3Introduction
Temporal lobe epilepsy (TLE) is the most common form of drug-refractory focal epilepsy. For 
patients with intractable TLE, surgery can be a viable treatment option. In individuals with TLE, an 
anterior temporal lobe resection (ATLR) leads to seizure freedom in 50-80% after at least 1 year of 
follow-up (Spencer et al., 2008, de Tisi et al., 2011). An ATLR involves the removal of most of the 
amygdala, hippocampus as far posterior as the widest part of the brainstem, entorhinal, and other 
temporal neocortical areas. White matter pathways including the uncinate fasciculus, inferior 
longitudinal fasciculus and optic radiation may be transected.
Microstructural properties of subcortical white matter pathways can be measured in vivo using 
diffusion MRI. Many previous studies have investigated white matter properties in TLE patients and 
found differences relative to controls (Winston et al. 2014, Li et al., 2019, Keller et al. 2017, Schoene-
Bake et al., 2009, Elliott et al., 2018, Gross et al., 2006, Riley et al., 2010, Taylor et al. 2015). Some 
studies have additionally related pre-surgical white matter properties to post-surgical seizure-freedom. 
Alizadeh et al., (2019) showed an association between seizure-recurrence and tract density. Furthermore, 
Keller et al. (2017) and Taylor et al. (2018) demonstrated that preoperative white matter alterations that 
were later resected were associated with post-operative outcomes. Both studies investigated associations 
with postoperative seizure freedom, but did not use postoperative diffusion MRI.
Some studies have investigated postoperative white matter properties using diffusion MRI.  
Concha et al. (2007) showed reduced postoperative fractional anisotropy (FA) in a cohort of eight 
seizure-free patients in the fornix, cingulum, and other areas. McDonald et al. (2010) demonstrated, in 
seven seizure-free patients, reduced postoperative FA in the uncinate fasciculus, inferior longitudinal 
fasciculus, and fornix. Other studies also found ipsilateral reductions in FA, likely due to Wallerian 
degeneration (Yogarajah et al. 2010, Nguyen et al. 2011, Faber et al. 2013, Liu et al. 2013, Pustina et 
al. 2014, Winston et al. 2014). Although several of those studies have related surgery-induced changes 
to neuropsychological consequences, such as visual field deficits (McDonald et al. 2010) and verbal 
fluency (Pustina et al. 2014, Yogarajah et al. 2010), none have investigated associations with 
postoperative seizure-freedom.
In this study we characterised surgery induced white matter changes in a longitudinal cohort of 
48 patients who underwent ATLR and addressed the following questions: What is the impact of surgery 
within white matter fasciculi? Do white matter changes drive alterations in network topology? Do these 
changes to white matter fasciculi and/or network topology relate to seizure-freedom? 
4Materials and Methods
Participants
We studied 48 patients who underwent ATLR at the National Hospital of Neurology and 
Neurosurgery (NHNN), London, United Kingdom and 17 healthy controls, with no significant medical 
history of neurological or psychiatric problems. Twenty-two of the 48 patients had right ATLR and 26 
on the left. All patients had resection of the majority of the amygdala and hippocampus as far posteriorly 
as the widest part of the brainstem, using a modified Spencer ATLR (Spencer et al., 1984), without 
complication. All surgeries went according to plan, as verified by post-operative MRI at 3-4 months 
following surgery. Patients were followed up for 2-5 years and at every 12 months surgical outcome was 
recorded according to the ILAE scale (Wieser et al., 2001). Two-year ILAE outcomes were available 
for all patients, with three-, four- and five-year outcomes available for 46, 40 and 34 patients 
respectively. Eleven patients with left TLE and 5 with right TLE had remained entirely seizure free 
(ILAE 1) throughout a 5-year follow-up period. Eleven patients with left TLE and 12 with right TLE 
had postoperative seizures at least once during their follow-up period of 2 to 5 years. 
A  test and two-tailed non-parametric Wilcoxon ranksum test confirmed differences in sex but 𝜒2
not in age between controls and patients. Differences were regressed out in further analysis. Tables 1 
and S1-S2 summarise patient details.
The study was approved by the NHNN and the Institute of Neurology Joint Research Ethics 
Committee, and written informed consent was obtained from all subjects.
MRI acquisition and imaging processing
For each patient in this study, T1-weighted structural (sMRI) and diffusion weighted (dMRI) 
data were acquired pre-operatively and 3-4 months post-operatively. A subset of these patients (N=13) 
were scanned again 12-months following surgery. Controls also underwent sMRI and dMRI at three 
time points: baseline (N=17) followed by 3 months (N=17) and 12 months (N=16) later. Control data 
were used as a normative measure for the longitudinal changes obtained from patients over 3-4 months 
after surgery and between 3-4 and 12 months after surgery. Detailed imaging protocols are described in 
Supplementary Methods. Postoperative sMRI, linearly registered to preoperative sMRI using FSL 
FLIRT, was used to accurately delineate the resected tissue in patients. More details on how the resection 
mask was drawn for these subjects are available in Taylor et al. (2018).
Diffusion data were reconstructed using generalized q-sampling imaging with a diffusion 
sampling length ratio of 1.2 and CSF calibration, as in our previous study using DSI Studio (http://dsi-
studio.labsolver.org) (Taylor et al., 2018). The deterministic fibre tracking algorithm was used, allowing 
for crossing fibres within voxels, and to reduce false positive connections, which can critically alter 
graph metrics in comparison with false negative connections (Zalesky et al., 2016). The diffusion 
reconstruction was performed in the MNI ICBM2009c template space. FA images were also obtained 
using dtifit and all subjects’ preoperative FA data was aligned to the FMRIB58_FA standard space 
template using a nonlinear registration tool FNIRT. Each subjects’ postoperative FA image was co-
registered to its preoperative FA image using the linear registration tool FLIRT. Since there are slight 
anatomical differences between MNI ICBM2009c and the 6th generation of 152MNI space available in 
FSL (Mai et al., 2017), we applied a non-linear registration between MNI templates. The warps derived 
from both analyses were combined and applied to the original resection masks and FA images as in our 
previous study (Yogarajah et al., 2010). QA is related to fibre volume fraction (Yeh et al., 2013b) and 
is highly correlated with other measures such as FA and mean diffusivity (MD). Although it is less 
5commonly used, QA has important advantages. Phantom studies have shown it to be less susceptible to 
partial volume effects, and artefactual reductions in areas of crossing fibres (Yeh et al., 2013b). Visual 
assessment of registration quality was conducted for all images. The resection masks from all patients 
aligned into the MNI ICBM 2009c template were binarized into a single mask using FSL. We performed 
this step for left and right TLE separately. The overlaid resection masks were used to delineate resected 
tissue in further analyses. To quantify the similarity of resected tissue across TLE patients, we computed 
Dice overlap (Moreira da Silva et al., 2017, Traynor et al., 2010) separately for left and right TLE 
patients. Furthermore, we investigated if resection volume was related to outcomes of seizure freedom. 
Analysis of post-operative diffusion changes
We performed two complementary analyses to study post-operative changes in diffusion MRI. 
Connectometry allows characterisation of specific focal and spatial structural changes within subsections 
of tracts which may drive alterations in brain connectivity or network topology (Yeh et al., 2016, 2018). 
Graph theory allows quantification of those alterations in network topology locally; by measuring 
properties of grey matter regions, and globally; by measuring properties of the network as a whole (Yeh 
et al., 2016).
Connectometry: Diffusion changes in subsections of white matter bundles
 Connectometry is sensitive to changes in subsections of tracts, which otherwise could be hidden 
by conventional atlas-based or connectome approaches (Yeh et al., 2013a, Yeh et al., 2013b, Yeh et al., 
2016; Faraji et al., 2015, Sinha et al., 2019). These conventional approaches compute mean diffusion 
measures along the entire length of white matter tracts (Supplementary Methods: Atlas-based approach). 
Connectometry is robust to crossing fibres and, while identifying diffusion alterations, does not depend 
on tractography, which has limited reliability near the grey matter targets. These are two main advantages 
in comparison to other methods for characterisation of focal changes within tracts (Yeh et al., 2016). 
Thus, we studied the structural alterations in subsections of tracts using diffusion MRI connectometry 
to compare patient and control groups and patient association with postoperative outcome.
First, we created two connectometry databases comprising controls and left or right TLE patients 
(26 left TLE patients and 17 controls; 22 right TLE patients and 17 controls) with QA as the index of 
interest. The default Human Connectome Project HCP1021 template was used from which the local fibre 
directions were sampled to create the local connectome matrix. 
Secondly, we ran the group connectometry analysis in DSI studio to correlate the local 
connectome matrix with subject category (patient or control) in a multiple linear regression model, while 
controlling for age and sex. We constrained the analysis to the non-resected area to estimate only regional 
differences of the local connectome within non-resected tissue. Thus, overlaid resection masks were 
used as region of avoidance to discard any voxel that was resected across any patient. We employed this 
analysis separately for left and right TLE patients. To compare patient and control groups, we applied 
the same approach to controls using the left and right overlaid resection masks separately.
We ran connectometry analysis with different t-score thresholds to select local connectomes (T-
score: 1, 2 and 3) at different significance levels (FDR: 0.05, 0.075 and 0.1) (Wang et al., 2019). Higher 
values of t-score give more specific and confirmatory results, whereas lower values give more sensitive 
results, which are useful for exploratory studies. Although low FDR values might filter most of the false 
discoveries, they might not detect subtle differences (Yeh et al., 2013a). Thus, a wider range was 
employed for exploratory purposes.
6At each point on this two dimensional grid, local connectomes for every seed voxel under 
analysis are inspected for positive and negative associations with subject category. The local 
connectomes were tracked using a deterministic fibre tracking algorithm (Yeh et al., 2013a, Yeh et al., 
2013b), track trimming was iterated once, and the seed count was set to 10,000. These are the default 
settings for fibre tracking in connectometry analysis from the 9 September 2018 version of DSI Studio. 
Connectometry analysis controls for false discoveries by comparing the positive and negative 
associations of QA with a null distribution obtained by randomly permuting the group labels. Further 
details of this procedure are available in the section “Local connectomes and their statistical inference” 
in Yeh et al., (2016) and also in the method section of Yeh et al., (2013a) and Yeh et al., (2013b). In our 
study, we used the default permutation count of 2000.
Thirdly, we quantified the output of the connectometry analysis at each point of the two-
dimensional grid. The subsections of tracts found to be significantly different between patients and 
controls were grouped as in the population-average atlas of the connectome (Yeh et al., 2018). This atlas 
identifies 550,000 white-matter tracts verified manually by experienced neuroanatomists, which are 
grouped in 80 main bundles. Cranial nerves, cerebellum and brainstem bundles were not considered in 
this study. Thus, subsections located in the same bundle as in the atlas were grouped (Supplementary 
Methods: Group subsections from connectometry). Then, for each group, we computed the mean QA 
for each subject and timepoint. Effects of age and sex were regressed out using fitlm function in 
MATLAB.
Investigating which grey matter regions these subsections connect to may improve our 
understanding of patterns of degeneration and plasticity following ATLR. Thus, tracts in which 
subsections were found to be significantly different by connectometry were found by identifying the 
nearest tract in the connectome atlas to each subsection. Only tracts within 1mm were included. After 
estimating the entire tracts, we quantified a connectivity matrix using AAL parcellation scheme. Voxels 
of the AAL regions overlapping with the overlaid resection mask were removed. This was conducted 
separately for left and right TLE patients. 
In order to investigate how changes within tracts were related with postoperative outcomes, we 
split patients into seizure-free or seizure-recurrence groups and repeated the previous steps in this 
analysis. Therefore, we created a database with patient data and used their postoperative outcome as the 
variable of study in the multiple linear regression model. 
To support the interpretation of QA results, the previous steps were repeated using FA as index 
of interest.
Graph theory: Changes in network topology
To study how alterations in the tracts drive changes in the network topology, we used graph theory to 
estimate longitudinal changes in network metrics between patients and controls. We characterised the 
changes in network topology locally, by studying different grey matter regions (nodes) and globally, by 
studying the overall differences in the whole brain.
Tracts from the population-average atlas of the connectome (Yeh et al., 2018) were projected to 
each individuals’ QA image using DSI Studio. The mean QA along the tracts connecting each pair of 
regions of the AAL atlas (Tzourio-Mazoyer et al., 2002) was estimated and saved in a connectivity 
matrix for each individual and timepoint. Voxels of the AAL regions overlapping with the resection 
mask were removed. This was conducted separately for left and right TLE patients. 
Network metrics, including node strength, clustering coefficient, eigenvector and betweenness 
centrality, were estimated from the connectivity matrices to quantify network properties (Rubinov and 
7Sporns, 2010). Effects of age and sex were regressed out using fitlm function in MATLAB. A detailed 
description of all the metrics used is provided in the Supplementary Table S3. 
After calculating network metrics from the connectivity matrix of each participant at each 
timepoint, we computed the longitudinal change over 3-4 months:
(eg. )  𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑙𝑒𝑓𝑡 𝑡ℎ𝑎𝑙𝑎𝑚𝑢𝑠3 ― 4 𝑚𝑜𝑛𝑡ℎ𝑠 𝑝𝑜𝑠𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 ― 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑙𝑒𝑓𝑡 𝑡ℎ𝑎𝑙𝑎𝑚𝑢𝑠𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
and over the following 8-9 months:  
(eg. ). 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑙𝑒𝑓𝑡 𝑡ℎ𝑎𝑙𝑎𝑚𝑢𝑠 12 𝑚𝑜𝑛𝑡ℎ𝑠 𝑝𝑜𝑠𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 ― 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑙𝑒𝑓𝑡 𝑡ℎ𝑎𝑙𝑎𝑚𝑢𝑠3 ― 4 𝑚𝑜𝑛𝑡ℎ𝑠 𝑝𝑜𝑠𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒
For visualisation, we computed the z-score of the longitudinal changes in patient group as the 
number of standard deviations away from the mean, where the standard deviation and mean were 
obtained from the control distribution. High  indicates high deviation of network properties |𝑧 ― 𝑠𝑐𝑜𝑟𝑒|
from normality. To observe if there were statistical differences over the same time period between 
patients and controls, we used inference statistical tests. These differences might be associated with (1) 
the impact of surgical resection on the network and (2) plasticity of white matter tracts following surgery. 
We run two further analyses to distinguish both mechanisms. The first analysis is similar to that 
described in Taylor et al., 2018; we inferred the impact of surgical resection on network topology using 
preoperative data only. Thus, we computed the expected change on network metrics using the difference 
between the preoperative network without the resected tracts and the preoperative network with all tracts. 
For ease of interpretation we will refer to this analysis as the null model. For the second analysis, we 
computed for all patients the difference between the postoperative network and the preoperative network 
with all tracts. This difference represents both the impact of surgical resection on the network and 
plasticity/degeneration following it. For ease of interpretation, we will refer to this analysis as an 
observed model since the network is generated from the empirically observed postoperative data. By 
comparing both analyses we are able to distinguish the postoperative changes in network metrics due to 
the impact of surgical resection from changes due to reorganisation of the connectome.
To study the association of postoperative outcome with network metrics, patients were split into 
seizure-free and seizure-recurrence groups. The longitudinal changes in network metrics between both 
groups were compared using inference statistical tests.
Statistical analysis 
Inferential statistical tests were used to compare longitudinal changes between patient and control 
groups and subclasses in patients based on their postoperative outcome. We applied nonparametric 
Wilcoxon rank-sum test to compare longitudinal changes in network metrics between groups and applied 
an FDR (Benjamini-Hochberg) correction at q=0.05. 
Connectometry uses permutation tests to obtain a null distribution of the connectometry findings 
and estimate a FDR value. Further details are available in Yeh et al., (2016) (2013a) (2013b).
8Figure 1. Processing pipeline.  To compare patient and control groups or patients with different 
postoperative outcome, two complementary analyses were performed.  (A)  A connectometry analysis which 
is sensitive to changes in subsections of bundles was employed to investigate local differences within bundles: 
Connnectometry identified subsections within bundles in the whole brain where QA changes over time were 
significantly different between groups. (B) A graph theory approach was applied to integrate connectivity 
across the wider brain network: To produce connectivity matrices, mean QA along the bundles of the 
connectome atlas connecting each pair of AAL regions was computed for each subject. Graph theory was 
used to compare changes in network properties over time. 
Resected tissue mask: The resected tissue masks of all patients were overlaid in a single mask to be used as 
region of avoidance in (A) and (B). When comparing patient and control groups, that single mask was applied 
in both groups to restrict the analyses to the same non-resected brain area.
9Table 1. Demographic and clinical data of patients and controls with imaging available 3 months after surgery.
Left TLE Right TLE Controls Significance
Subjects (n) 26 22 17 -
Sex
(Male/Female) 13/13 2/20 9/8
Chi2 (Left TLE; Controls) = 0.035
p (Left TLE; Controls) = 0.850
Chi2 (Right TLE; Controls) = 9.106
p (Right TLE; Controls) = 0.003
Age at baseline scan 35.86±9.57 39.83±12.26 40.06±11.06 t (Left TLE; Controls) = -1.318p (Left TLE; Controls)  =  0.195t (Right TLE; Controls) = -0.060p (Right TLE; Controls)  =  0.953
Onset 16.19±10.93 14.93±10.75 - -
Age at surgery 36.52±9.62 41.00±12.42 - -
Epilepsy Duration 20.33±13.67 26.07±13.35 - -
Status Epilepticus (n) 3 1 - -
Secondary generalised 
seizures (n) 20 14 - -
Hippocampal 
Sclerosis (n) 18 11 - -
Seizure-Free for 5 
years (n) 11 5 - -
Seizure recurrence 
(n) 11 12 - -
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Results
We first characterised surgery-induced changes on white matter and network topology in TLE 
patients relative to longitudinal measurements in controls over the same time period. Secondly, we 
investigated the association of those surgery-induced changes with postoperative seizure-freedom. Two 
complementary approaches were used (Figure 1). 
Surgery-induced changes within white matter fasciculi
Connectometry detected widespread surgery-induced changes over time in subsections of the 
tracts located in temporal and extratemporal structures (Figure 2). Only changes over the first 3-4 months 
after the surgery were significantly different between patients and controls (FDR<0.05; T-score=3; 
Reduction in QA: cohen-DLeft TLE = -2.30, cohen-DRight TLE = -2.76; Increase in QA: cohen-DLeft TLE = 
0.87). During this period, QA changes in controls were around zero in contrast to TLE patients. Figure 
2A and C show the subsections of white matter tracts with significant changes in QA (FDR<0.05; T-
score=3) and the three bundles with greater difference in cohen-D between groups. TLE patients showed 
a greater reduction in QA in the vicinity of the resected tissue, particularly in ipsilateral inferior fronto-
occipital fasciculus (IFOF) and uncinate fasciculus (UF). Greater reductions in QA were also observed 
in ipsilateral corticothalamic pathway (CT) in left TLE patients and anterior commissure (AC) in right 
TLE patients. The full list of bundles with affected subsections is available in the Supplementary Tables 
S4-S5. The results are consistent with different t-score thresholds to select local connectomes and at 
different significance levels (Figure S1 and S2). Figure S3 shows in more detail the location of the 
subsections in these bundles. 
In addition to the reductions in QA, left TLE patients also showed subsections with significant 
postoperative QA increases over 3-4 months. Specifically, those increases were found in parts of the 
ipsilateral corticostriatal pathway (CS) and corona radiata, namely in frontopontine tract (FPT) and 
corticospinal tract (CST) (Figure 2A). 
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Figure 2. Significant QA changes between controls and TLE patients, before and after surgery, in parts 
of tracts revealed by connectometry. Significant QA changes in subsections of bundles were found between 
groups (confirmatory grid point: FDR<0.05; T-score=3). Subsections of tracts in which patients had a 
significant QA reduction or increase relative to controls are coloured in purple and green, respectively (A,C). 
Left and right TLE patients had a greater decrease of QA in ipsilateral inferior fronto-occipital fasciculus 
(IFOF) and uncinate fasciculus (UF). Greater reductions in QA were also observed in ipsilateral 
corticothalamic pathway (CT) in left TLE patients and anterior commissure (AC) in right TLE patients. Left 
TLE also showed a greater increase of QA in ipsilateral corticostriatal pathway (CS), frontopontine tract 
(FPT) and corticospinal tract (CST).  The beeswarm plots show the longitudinal changes in QA between 
groups for all subsections found by connectometry (label all in the plot) and the bundles with greater 
difference between groups. Each datapoint indicates a single subject. For visualisation purposes, only the 
three bundles with highest values of cohen-D are presented in the beeswarm plot (see Tables S5 and S6 for 
complete list). (B,D) The tract bundles where subsections were found to be significantly different by 
connectometry were determined to estimate the AAL regions those subsections are connecting to. The weight 
of the connections/edges is proportional to the amount of tracts with altered subsections. For visualisation, 
only the top 70% of strongest connections are shown. All the connections in which the subsections in Figure 
3A and C were found are presented in Figures S3 and S4. A table with the names and abbreviations of all 
regions and bundles can be found in Tables S7 and S8.
AC - Anterior cingulum; CUN - Cuneus; ORBinf - Inferior frontal, orbital; IFTrian - Inferior frontal, triangular; IO - Inferior occipital; IT - Inferior 
temporal; INS - Insula; LIN - Lingual; MF - Middle frontal; ORBmid - Middle frontal, orbital; MO - Middle occipital; MT - Middle temporal; PCL - 
Paracentral lobule; PoC - Postcentral; PCUN - Precuneus; SF - Superior frontal, dorsolateral; SFMed - Superior frontal, medial; SMA -  
Supplementary Motor Area.
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Figure 2B and D show the main connections/edges in which the subsections in Figure 2A and C 
were found. The main connections/edges with changes in QA were predominantly ipsilateral in right 
TLE but more bilateral in left TLE. Left and right TLE patients showed greater reduction between 
ipsilateral lingual (LIN) and orbitofrontal (ORB) cortices. Left TLE also showed a greater decrease in 
QA in the interhemispheric connections between occipital lobes as compared to right TLE patients, in 
which the main altered interhemispheric connections were located in frontal cortex. Furthermore, left 
TLE patients also showed a greater increase in QA in the connections mainly located between ipsilateral 
insula (INS) and postcentral (PoC) cortices. 
Comparable results were obtained with FA (supplemental Figure S4). Greater FA reductions 
were also observed in the vicinity of the resected tissue, namely in IFOF and inferior longitudinal 
fasciculus for left TLE and IFOF and UF for right TLE. Similar to QA results, left TLE patients also 
showed a significantly increased FA in white matter tracts connecting INS and PoC. Right TLE showed 
increased FA in CS and temporo-pontine tracts, which was not observed using QA. Greater reductions 
were observed in interhemispheric and contralateral connections in left TLE patients using QA. 
However, those alterations were less pronounced using FA. 
With respect to changes associated with postoperative seizure-freedom, left TLE patients who 
were seizure free had a widespread decrease in QA greater than patients with seizure-recurrence 
(FDR<0.05; T-score=3, cohen-D = -1.24) (Figures 3 and S5). As depicted in Figure 3A, a greater 
reduction in QA was observed in IFOF, UF and extreme capsule (EMC) (see Supplementary Table S6 
for complete list). Figure 3B depicts the connections where the affected subsections were mainly found, 
namely between LIN and ORB cortices and inter-hemispheric connections located in the frontal lobe 
and supplementary motor area (SMA). Figures S6, and S7 show the corresponding results for right TLE 
patients. Figure S8 shows the corresponding results using FA where greater reductions of FA in seizure-
free patients for the tracts connecting contralateral precuneus and anterior cingulum (Figure S8), which 
is in agreement with our QA findings. 
Figure 3. Tract sections with QA changes over 3 months associated with postoperative seizure freedom 
in patients with left TLE. Significant QA changes in subsections of bundles were found between outcome 
groups (FDR < 0.05; T-score = 3). (A) Seizure-free patients had a significantly larger QA reduction over 3-4 
months relate to patients with seizure-recurrence in ipsilateral inferior fronto-occipital fasciculus (IFOF), 
uncinate fasciculus (UF) and extreme capsule (EMC). The beeswarm plot shows the longitudinal changes in 
QA between groups for all subsections found by connectometry (label all in the plot) and the bundles with 
greater reductions. For visualisation purposes, only the three bundles with the highest Cohen’s d are displayed 
(Table S7 contains complete list). (B) The tract bundles where subsection were found to be sign different by 
connectometry were determined to estimate the AAL regions those subsections are connecting to. The weight 
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of the connections/edges is proportional to the amount of tracts with altered subsections. For visualisation 
purposes, a threshold was applied to hide the edges with a weight less than 30% of the strongest connection. 
A table with the names and abbreviations of all regions and bundles can be found in Tables S7 and S8. 
AC - Anterior cingulum; ORBinf - Inferior frontal, orbital; IFTrian - Inferior frontal, triangular; IO - Inferior occipital; LIN – Lingual; MO - Middle 
occipital; PCUN – Precuneus; SF - Superior frontal, dorsolateral; SFMed - Superior frontal, medial; SMA - Supplementary Motor Area
Surgery-induced changes in network topology
Graph-theory identified surgery-induced changes to graph theory metrics between patients and 
controls mainly in the ipsilateral side. In the left panels of Figure 4a we show those regions with altered 
metrics in patients relative to controls.  Note that voxels within the resection area are excluded for all 
subjects (including controls) in this analysis to therefore allow visualisation of only the most pronounced 
changes outside of the resection.  Over the first 3-4 months following surgery, only local changes in 
strength, clustering coefficient, eigenvector and betweenness centrality were significantly different 
between groups (FDR p-value < 0.005). 
To support the interpretation of these results, scatter plots in Figure 4 show the observed and 
predicted changes in patients by the observed and null model, respectively. Although widespread 
reductions and increases of network metrics were identified by the null and observed model, we only 
plotted the changes for a set of network metrics, which showed a significant longitudinal difference 
between patients and controls over 3-4 months following surgery (i.e. corresponding to those regions in 
the left panels).
 Node eigenvector centrality measures the influence a region has on a network. When removing 
a region in full or partially, nodes connected to that region or with neighbours connected to it might lose 
influence on the network. Longitudinal changes in node eigenvector centrality were ipsilateral for both 
left and right TLE. In left TLE, a decrease in node eigenvector centrality in patients in comparison to 
controls was observed in hippocampus, olfactory, anterior cingulum and occipital lobe, namely in  LIN, 
calcarine (CAL) and inferior occipital (IO). These changes were expected by the null model and a 
significant decrease in QA in the white matter tracts connected to LIN, CAL, IO and anterior cingulum 
was also observed using connectometry (Figure 5). Therefore, these regions and/or their neighbours were 
likely to be connected to the resected tissue or having connections passing through it. An increase of 
eigenvector centrality was also observed in putamen (PUT), rolandic operculum, and parietal lobe. 
Similarly, these changes were expected by the null model. However, PoC and PUT showed a much 
higher increase postoperatively than the one predicted by the null model, suggesting a possible 
reorganisation to reinforce these regions to pass shortest topological paths. This is supported by 
connectometry results, in which PoC and PUT tracts showed a significant QA increase over time (Figure 
6). In right TLE, a decrease of node eigenvector centrality, node clustering coefficient and strength were 
observed in ORB cortex and temporal lobe (Figure 4 and Figure S9). Those changes were expected by 
the null model and some of these regions showed a significant QA reduction in their connections (Figure 
6). Similarly to left TLE, these regions and/or their neighbours were likely to have connections passing 
or ending in the resected area, 
Node betweenness centrality measures how important a region is by virtue of being on shortest 
paths between other regions: i.e. in integrating information across the network. When removing a region 
in full or partially, the shortest path between regions can change by traversing other areas. Thus, the 
betweenness centrality in this region can either increase or decrease following surgery (Taylor et al., 
2018). As depicted in Figure 4, changes in node betweenness centrality were mainly ipsilateral and more 
widely distributed in left TLE patients, while in right TLE were bilateral and mainly in central structures. 
A decrease of node betweenness were observed for ipsilateral thalamus, middle cingulum in left TLE 
and ORB cortex in right TLE. The decrease of betweenness centrality in these regions is expected by the 
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null model Figure 4 (right panel). A significant QA reduction of these regions’ connections is also shown 
by connectometry in Figure 6. Therefore, these regions were likely to be connected to the resected tissue 
or having connections passing through it. In addition, LIN also showed decreased node betweenness 
centrality in left TLE in comparison to controls. Although by the null model it was expected an increase 
of betweenness centrality, it was observed a reduction by the observed model (Figure 4, right panel). 
Connectometry also showed a significant QA reduction of connections between LIN to/from ORB 
cortex. This suggests secondary degeneration of LIN connections not assessed by the null model or brain 
reorganization. With disconnection of some tracts following surgery, the shortest paths redirect and 
might also lead to increase of node betweenness centrality. Left TLE patients showed increase of node 
betweenness in ipsilateral ORB cortex, PoC, INS, paracentral lobule, PUT, pallidum (PAL) and 
contralateral posterior cingulum (PC). In contrast, right TLE patients showed increased node 
betweenness centrality in parahippocampal, gyrus rectus, PC and several central structures such as PUT, 
PAL, caudate and amygdala. Most of the regions showing an increase of betweenness centrality in left 
TLE also showed significantly increased QA in their white matter tracts to other regions, namely 
ipsilateral PoC, PCL, INS and PUT. In the observed change model those regions showed an increase of 
betweenness centrality greater than expected, suggesting possible reinforcement of those regions to be 
involved in the shortest paths. In right TLE, the observed model also showed an increase of betweenness 
centrality much higher than the null model for ipsilateral PAL and PUT. Although a significant increase 
of QA in their connections was not observed using connectometry, it is likely that other white matter 
alterations occurred in neighbouring nodes leading to a reinforcement of their role on passing shortest 
paths. 
No longitudinal changes in network topology after the surgery were found to be significantly 
different between TLE patients with different postoperative outcomes of seizure-freedom. 
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Figure 4. Changes over 3 months in node eigenvector and node betweenness centrality between patients 
and controls. The AAL regions that showed significant differences in node centrality between patients and 
controls over 3 months are represented by a node/circle and overlaid within a brain volume. Nodes coloured 
in blue show the AAL regions where patients had an increase in node eigenvector/betweenness centrality in 
comparison to controls over 3 months. Nodes coloured in red show the AAL regions in which patients had a 
significant reduction in eigenvector or betweenness centrality in comparison to controls. Scatter plots show 
the observed and predicted (null model) change in patients after surgery for those AAL regions. Positive 
values suggest an increase of eigenvector or betweenness centrality following surgery. The scatter plots 
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therefore compare the impact on centrality measures of the surgical resection alone with the overall changes 
seen post-operatively. A table with the names and abbreviations of all regions can be found in Table S8.
AC – Anterior cingulum; AMY – Amygdala; ANG – Angular; CAL – Calcarine; CAU – Caudate; HIP – Hippocampus; INS – Insula; IO – Inferior 
occipital; IP – Inferior parietal; LIN – Lingual; MC - Middle cingulum; OLF – Olfactory; ORBinf - Inferior frontal, orbital; ORBmid - Middle frontal, 
orbital; ORBsup - Superior frontal, orbital; ORBsupmed - Superior frontal, medial; PAL – Pallidum; PC - Posterior cingulum; PCL – Paracentral 
lobule; PHIP – Parahippocampal; PoC – Postcentral; PUT – Putamen; REC – Rectus; ROL - Rolandic operculum; SP – Superior parietal; THAL – 
Thalamus; TPOsup – Superior Temporal Pole.
Figure 5. Connectogram comprising the surgery induced changes detected by graph-theory and 
connectometry in left TLE patients. Graph theory: Graph-theory changes between patients and controls are 
displayed in the circles. The outer and inner circle indicates the z-score between groups for eigenvector and 
betweenness centrality, respectively. Z-score values are represented by a red-blue gradient, in which red 
indicates the minimum calculated z-score and blue the maximum value. Z-score for node eigenvector changed 
between -2.35 and 1.17 and z-score for node betweenness between -1.83 and 3.15. The black rectangles indicate 
the AAL regions with significant change in node eigenvector or node betweenness centrality after FDR 
correction. Connectometry: The connections with significant changes in their subsections as identified by 
connectometry are displayed in the centre. The weight of the connection is proportional to the amount of 
streamlines in which QA changes were detected. A table of AAL region names and abbreviations can be found 
in Table S8.
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Figure 6. Connectogram comprising the surgery induced changes detected by graph-theory and 
connectometry in right TLE patients. Graph theory: Graph-theory changes between patients and controls are 
displayed in the circles. The outer and inner circle indicates the z-score between groups for eigenvector and 
betweenness centrality, respectively. Z-score values are represented by a red-blue gradient, in which red 
indicates the minimum calculated z-score and blue the maximum value. Z-score for node eigenvector changes 
between -4.13 and 1.89 and z-score for node betweenness between -2.02 and 2.50. The black rectangles indicate 
the AAL regions with significant change in node eigenvector or node betweenness centrality after FDR 
correction. Connectometry: The connections with significant changes in their subsections as identified by 
connectometry are displayed in the centre. The weight of the connection is proportional to the amount of 
streamlines in which QA changes were detected. A table of AAL region names and abbreviations can be found 
in Table S8.
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Discussion
In this study we performed a comprehensive investigation of longitudinal white matter QA 
changes after epilepsy surgery and their association with postoperative seizure freedom. In the 3-4 
months after surgery, we found surgery-induced changes in white matter and network topology in the 
temporal lobe and beyond. 
First, surgery induced longitudinal white matter changes were primarily ipsilateral in right TLE 
but more bilateral in left TLE. The largest post-operative reductions in QA, likely related to primary 
Wallerian degeneration, were in tracts which were transected by surgery (ipsilateral UF and IFOF). 
Decreased node eigenvector and betweenness centrality was therefore expected and observed in regions 
partially resected and/or connected to the resected tissue. Secondary processes may also explain further 
reductions in QA, namely in white matter tracts connecting lingual and orbitofrontal cortices.
Secondly, left TLE patients showed increased QA in cortico-striatal and corona radiata tracts, 
likely related to improvements in verbal fluency (Yogarajah et al. (2010). These tracts mainly connect 
the postcentral gyrus and insula, which both showed a higher increase of betweenness centrality after 
surgery than expected by the null model, suggesting possible strengthening of these connections. 
Thirdly, with respect to postoperative seizure outcome, left TLE seizure-free patients showed 
greater QA reductions compared to seizure-recurrence patients in interhemispheric connections in 
frontal lobe and tracts transected by surgery (ipsilateral UF and IFOF). Seizure-freedom was not 
significantly related to alterations in the network topology or resection volume.
Surgery-related effect on white matter
More bilateral and widespread white matter disruptions have been reported in patients with left 
TLE as opposed to right TLE using preoperative data (Ahmadi et al., 2009, Kemmotsu et al., 2011, 
Besson et al., 2014). Following the surgery, left TLE patients also had more bilateral disruptions in white 
matter than right TLE 3-4 months after surgery (Figure 5 and 6), suggesting different mechanisms of 
degeneration.
Our observation of reduced QA in tracts close to the resection area agrees with previous 
literature. Specifically, postoperative reductions in UF and IFOF have been described by McDonald et 
al., (2010), Yogarajah et al. (2010) and Winston et al. (2014). As in our study, Yogarajah et al. (2010) 
also reported a decrease in AC following surgery in right TLE patients, which may be explained by 
larger right-sided resections compared to smaller left-sided resections. Furthermore, reduced QA might 
have also been explained by secondary degeneration. An increase of betweenness centrality was 
expected in the lingual cortex as shortest paths were expected to be rerouted to this node by the null 
model. However, in postoperative data we observed a decrease of betweenness centrality, supported by 
a reduction of QA in its connections to orbitofrontal cortex. Atrophy propagation through white matter 
or reorganisation to reroute shortest paths due to the loss of function of lingual cortex and neighbouring 
regions following surgery, could explain a secondary degeneration in this region. Reduced QA, a 
measure of fibre volume fraction and highly correlated with FA, can be caused by Wallerian 
degeneration as surgery disconnects white matter tracts, potentially causing myelin degradation and 
reduction in axonal packing (Concha et al., 2007). We build on this by demonstrating that there are 
substantial changes beyond normative changes over the same time period. The results are also spatially 
similar to those obtained with FA. A reduction of FA suggested axonal damage or Wallerian 
degeneration and demyelination 3 months following the surgery.
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In addition to previously described QA reductions, we found QA increases in corticopontine 
tracts, CS and CST. Winston et al. (2014) reported a significant increase in FA following ATLR in the 
corona radiata, which includes tracts from CST and corticopontine bundles. Following a mean of 4.5 
months after ATLR, Yogarajah et al. (2010) also reported a significant increase in FA in CST and 
corticopontine tracts associated with increased verbal fluency, suggesting it was related to early  
structural plasticity of language networks. Furthermore, the affected subsections found in these bundles 
involved insula, a network hub for perception of speech and receptive and expressive language (Oh et 
al., 2014). Insula showed a significant increase in betweenness centrality following surgery as expected 
by the null model. However, in our postoperative data we saw an even higher increase than expected, 
suggesting reinforcement of the redistribution of shortest paths through this hub for language recovery 
(Figure 4). As connections to/from the posterior part of the insula might be resected in ATLR (Taylor et 
al., 2018), future research should examine if larger resections of insular connections lead to worse 
language recovery after surgery. In agreement with our findings, McDonald et al. (2010) also reported 
an increase in CS, although in their study of 9 patients it did not meet significance p=0.079. CS pathways 
are related with the limbic system (Shipp et al., 2017), thus an increase in QA might be related with 
structural plasticity. Connectometry results showing an increase in FA were spatially similar to those 
using QA, namely in CS and corticopontine bundles. An increase of FA might be due to several 
mechanisms including increased myelination, axon diameter, fiber density or changes in axonal 
membrane structure (Moore et al., 2017).
Since connectometry isolates only the affected segment of the tract, it achieves greater statistical 
sensitivity. In contrast, graph-theory may only detect significant changes in a node/region when there is 
a considerable amount of nearby affected connections (Yeh et al., 2018). Figures 5 and 6 integrate the 
results from graph theory and connectometry in terms of the AAL regions involved in white matter 
longitudinal changes. AAL regions showing changes in network topology are consistent with the AAL 
regions connected by tracts with greater affected subsections. However, connectometry also detected 
affected subsections in tracts connecting other regions. Taylor et al., (2018) inferred the impact of 
surgical resection on network topology using preoperative data as in the null model in this study. 
Similarly to our study, Taylor et al., (2018) reported widely distributed increases in betweenness 
centrality, suggesting rerouting of shortest paths and strengthening of tracts to avoid cognitive deficits. 
Comparing null model with the postoperative data, we observed that rerouting of shortest paths occurs 
similarly to the null model. However, strengthening of some white matter tracts leads to a reinforcement 
of the rerouting for some regions, namely in putamen in left and right TLE and insula, postcentral gyrus 
and paracentral lobule in left TLE. A weakening of the expected white matter tracts to reroute was also 
observed either due to atrophy propagation or reorganization. 
In terms of timescale of the imaging, our analysis is performed during the chronic phase several 
months after surgery as were most others (McDonald et al., 2010, Li et al., 2019, Winston et al., 2014). 
Our findings of no substantial QA changes between 3 and 12 months is in agreement with previous 
studies (McDonald et al., 2010), suggesting the largest changes occur within the first months after 
surgery. However, the lower sample size of 12 month imaging may also contribute to the lack of 
significant results during this time.
White matter alterations associated with post-surgery seizure relapse
We observed postoperative QA decreases 3-4 months after surgery associated with postoperative 
seizure freedom, which has not been shown previously to our knowledge. We found that greater chances 
of postoperative seizure freedom relate to greater QA reductions in interhemispheric connections and in 
the vicinity of resection area (Figure 3). The greater reductions in seizure free patients may be explained 
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by larger resection volume (Shamim et al., 2009). However, in our cohort the resection masks were 
consistent across patients (Supplemental Results: Consistency of resection masks) and no significant 
differences were observed in total resection volume between patients with different outcomes. When 
regressing out the resection volume, connectometry results still show greater reductions in seizure free 
patients in these bundles (supplemental Figure S10). Nevertheless, small variations in the extent of 
resection, especially in piriform cortex, might have driven larger reductions in QA. Galovic et al., (2019) 
recently reported that if surgery included the piriform cortex, there was a greater chance of seizure 
freedom. In right TLE, we found widespread differences between outcome groups in subsections of 
tracts. However, given the small sample size for right TLE outcomes we caution against 
overinterpretation of this result. 
With respect to the network topology, the affected subsections of tracts significantly different 
between groups did not contribute to changes in the network topology. Preoperatively, seizure-freedom 
has been associated with hub redistributions and reduced local efficiency, which might reduce the spread 
of epileptic discharges (Ofer et al., 2019). Taylor et al., (2018) inferred the impact of surgical resection 
on network topology and reported a reduction in local efficiency. Similar to the present study, reductions 
in node local efficiency were not associated with postoperative seizure-freedom. Using machine 
learning, Taylor et al., 2018 reported that changes in the number of tracts between some regions in frontal 
and temporal lobes were predictive of seizure freedom. Similarly, we observed a reduction in QA in 
connections in the temporal and frontal lobes using connectometry. Furthermore, we also report greater 
reductions in inter-hemispheric connections in frontal and occipital lobe. Inferring the impact of surgical 
resection in preoperative data, as in Taylor et al., (2018), does not allow to take into account secondary 
degeneration or plasticity. This might explain why in our longitudinal study we also report greater 
reductions in inter-hemispheric connections. 
Limitations
Our study has some limitations that should be considered. First, we only analysed changes over 
time which were made possible by the longitudinal aspect of our data. We did not compare our findings 
to cross sectional pre- or post-operative diffusion MRI data which may, in isolation, explain 
postoperative seizure-freedom (Keller at al., 2017, Bonilha et al., 2013, Bonilha et al., 2015a, Bonilha 
et al., 2015b). Future studies could investigate pre- and postoperative networks, in addition to the 
changes in those networks as described here. Second, our sample size - although fairly large compared 
to other similar studies of white matter postoperative changes - is small for our analysis of post-surgical 
patient outcomes (group size: Left TLE - 11 seizure-free and 11 seizure-recurrence; Right TLE -  5 
seizure-free and 12 seizure-recurrence).  A way to boost sample size is to perform an ipsi- and 
contralateral analysis as in some previous studies (Seidenberg et al., 2005). However, given that right-
sided resections are substantially larger than left sided-resections we chose not to do that here - further 
supported by the different findings ipsilateral to left and right TLE. Third, our sample size for 12 month 
scans is limited to only 13 patients.
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Conclusion
Our results confirm previous findings of widespread alterations after epilepsy surgery beyond the site of 
resection. These changes include primary degeneration proximal to the resection, and potentially 
secondary adaptive changes in more distant areas. Using a null model of surgery we showed these 
changes to be above and beyond those expected through the removal of connections alone. Greater 
reductions in QA were related to postoperative seizure freedom in left TLE suggesting a greater impact 
on local tract properties. Our work contributes to an improved understanding of how brain networks 
change in response to surgery. 
22
Bibliography
Ahmadi ME, Hagler DJ, McDonald CR, Tecoma ES, Iragui VJ, Dale AM, Halgren E. Side matters: diffusion tensor 
imaging tractography in left and right temporal lobe epilepsy. American journal of neuroradiology 2009 Oct 1;30(9):1740-
7.
Alizadeh M, Kozlowski L, Muller J, Ashraf N, Shahrampour S, Mohamed FB, Wu C, Sharan A. Hemispheric Regional 
Based Analysis of Diffusion Tensor Imaging and Diffusion Tensor Tractography in Patients with Temporal Lobe Epilepsy 
and Correlation with Patient outcomes. Scientific reports 2019; 9(1):215.
An S, Bartolomei F, Guye M, Jirsa V. Optimization of surgical intervention outside the epileptogenic zone in the Virtual 
Epileptic Patient (VEP). PLoS computational biology 2019; 15(6):e1007051.
Besson P, Dinkelacker V, Valabregue R, Thivard L, Leclerc X, Baulac M, Sammler D, Colliot O, Lehéricy S, Samson S, 
Dupont S. Structural connectivity differences in left and right temporal lobe epilepsy. Neuroimage. 2014 Oct 15;100:135-
44.
Boerwinkle VL, Cediel EG, Mirea L, Williams K, Kerrigan JF, Lam S, Raskin JS, Desai VR, Wilfong AA, Adelson PD, 
Curry DJ. Network-targeted approach and postoperative resting-state functional magnetic resonance imaging are associated 
with seizure outcome. Annals of neurology 2019 Sep;86(3):344-56.
Bonilha L, Helpern JA, Sainju R, Nesland T, Edwards JC, Glazier SS, et al. Presurgical connectome and postsurgical 
seizure control in temporal lobe epilepsy. Neurology 2013; 81: 1704–1710.
Bonilha L, Jensen JH, Baker N, Breedlove J, Nesland T, Lin JJ, et al. The brain connectome as a personalized biomarker of 
seizure outcomes after temporal lobectomy. Neurology 2015a; 84: 1846–1853.
Bonilha L, Keller SS. Quantitative MRI in refractory temporal lobe epilepsy: relationship with surgical outcomes. Quant 
Imaging Med Surg 2015b; 5: 204–24.
Concha L, Beaulieu C, Wheatley BM, Gross DW. Bilateral white matter diffusion changes persist after epilepsy surgery. 
Epilepsia 2007 May; 48(5):931-40.
de Tisi J, Bell GS, Peacock JL, McEvoy AW, Harkness WFJ, Sander JW, et al. The long-term outcome of adult epilepsy 
surgery, patterns of seizure remission, and relapse: a cohort study. Lancet (London, England) 2011; 378: 1388–1395.
Elliott CA, Gross DW, Wheatley BM, Beaulieu C, Sankar T. Longitudinal hippocampal and extra-hippocampal 
microstructural and macrostructural changes following temporal lobe epilepsy surgery. Epilepsy research 2018; 140:128-
37.
Faber J, Schoene‐Bake JC, Trautner P, von Lehe M, Elger CE, Weber B. Progressive fiber tract affections after temporal 
lobe surgery. Epilepsia 2013; 54(4):e53-7.
Faraji AH, Abhinav K, Jarbo K, Yeh FC, Shin SS, Pathak S, Hirsch BE, Schneider W, Fernandez-Miranda JC, Friedlander 
RM. Longitudinal evaluation of corticospinal tract in patients with resected brainstem cavernous malformations using high-
definition fiber tractography and diffusion connectometry analysis: preliminary experience. Journal of neurosurgery 2015; 
123(5):1133-44.
Galovic M, Baudracco I, Wright-Goff E, Pillajo G, Nachev P, Wandschneider B, Woermann F, Thompson P, Baxendale S, 
McEvoy AW, Nowell M, et al. Association of piriform cortex resection with surgical outcomes in patients with temporal 
lobe epilepsy. JAMA neurology 2019; 76(6):690-700.
González HF, Goodale SE, Jacobs ML, Haas KF, Landman BA, Morgan VL, Englot DJ. Brainstem functional connectivity 
disturbances in epilepsy may recover after successful surgery. Neurosurgery 2019 May 16.
Gross DW, Concha L, Beaulieu C. Extratemporal white matter abnormalities in mesial temporal lobe epilepsy 
demonstrated with diffusion tensor imaging. Epilepsia 2006; 47(8):1360-3.
Jeong W, Lee H, Kim JS, Chung CK. Characterization of brain network supporting episodic memory in the absence of one 
medial temporal lobe. Human brain mapping 2019 May; 40(7):2188-99.
Jirsa VK, Proix T, Perdikis D, Woodman MM, Wang H, Gonzalez-Martinez J, Bernard C, Bénar C, Guye M, Chauvel P, 
Bartolomei F. The virtual epileptic patient: individualized whole-brain models of epilepsy spread. Neuroimage 2017; 
145:377-88.
Keller SS, Glenn GR, Weber B, Kreilkamp BAK, Jensen JH, Helpern JA, et al. Preoperative automated fibre quantification 
predicts postoperative seizure outcome in temporal lobe epilepsy. Brain 2017; 140: 68–82.
Kemmotsu N, Girard HM, Bernhardt BC, Bonilha L, Lin JJ, Tecoma ES, Iragui VJ, Hagler Jr DJ, Halgren E, McDonald 
23
CR. MRI analysis in temporal lobe epilepsy: cortical thinning and white matter disruptions are related to side of seizure 
onset. Epilepsia 2011 Dec;52(12):2257-66.
Li W, An D, Tong X, Liu W, Xiao F, Ren J, et al. Different patterns of white matter changes after successful surgery of 
mesial temporal lobe epilepsy. NeuroImage Clin 2019; 21: 101631.
Liao W, Ji GJ, Xu Q, Wei W, Wang J, Wang Z, Yang F, Sun K, Jiao Q, Richardson MP, Zang YF. Functional connectome 
before and following temporal lobectomy in mesial temporal lobe epilepsy. Scientific reports 2016 Mar 22; 6:23153.
Limotai C, McLachlan RS, Hayman-Abello S, Hayman-Abello B, Brown S, Bihari F, Mirsattari SM. Memory loss and 
memory reorganization patterns in temporal lobe epilepsy patients undergoing anterior temporal lobe resection, as 
demonstrated by pre-versus post-operative functional MRI. Journal of Clinical Neuroscience 2018 Sep 1; 55:38-44.
Liu M, Gross DW, Wheatley BM, Concha L, Beaulieu C. The acute phase of Wallerian degeneration: longitudinal 
diffusion tensor imaging of the fornix following temporal lobe surgery. Neuroimage 2013; 74:128-39.
Maccotta L, Lopez MA, Adeyemo B, Ances BM, Day BK, Eisenman LN, Dowling JL, Leuthardt EC, Schlaggar BL, 
Hogan RE. Postoperative seizure freedom does not normalize altered connectivity in temporal lobe epilepsy. Epilepsia 
2017 Nov; 58(11):1842-51.
Mai JK, Majtanik M. Human Brain in Standard MNI Space: A Comprehensive Pocket Atlas. Elsevier; 2017.
McDonald CR, Hagler DJ, Girard HM, Pung C, Ahmadi ME, Holland D, Patel RH, Barba D, Tecoma ES, Iragui VJ, 
Halgren E. Changes in fiber tract integrity and visual fields after anterior temporal lobectomy. Neurology 2010; 
75(18):1631-8.
Moore E, Schaefer RS, Bastin ME, Roberts N, Overy K. Diffusion tensor MRI tractography reveals increased fractional 
anisotropy (FA) in arcuate fasciculus following music-cued motor training. Brain and cognition. 2017 Aug 1;116:40-6.
Moreira da Silva N, Ahmadi SA, Tafula SN, Cunha JP, Bötzel K, Vollmar C, Rozanski VE. A diffusion-based connectivity 
map of the GPi for optimised stereotactic targeting in DBS. Neuroimage. 2017; 144:83-91.
Nguyen D, Vargas MI, Khaw N, Seeck M, Delavelle J, Lovblad KO, Haller S. Diffusion tensor imaging analysis with tract-
based spatial statistics of the white matter abnormalities after epilepsy surgery. Epilepsy research 2011; 94(3):189-97.
Ofer I, LeRose C, Mast H, LeVan P, Metternich B, Egger K, Urbach H, Schulze-Bonhage A, Wagner K. Association 
between seizure freedom and default mode network reorganization in patients with unilateral temporal lobe epilepsy. 
Epilepsy & Behavior. 2019 Jan 1;90:238-46.
Oh A, Duerden EG, Pang EW. The role of the insula in speech and language processing. Brain and language 2014 Aug 
1;135:96-103.
Proix T, Bartolomei F, Guye M, Jirsa VK. Individual brain structure and modelling predict seizure propagation. Brain 2017 
Feb 14;140(3):641-54.
Pustina D, Doucet G, Evans J, Sharan A, Sperling M, Skidmore C, Tracy J. Distinct types of white matter changes are 
observed after anterior temporal lobectomy in epilepsy. PloS One 2014; 9(8):e104211.
Riley JD, Franklin DL, Choi V, Kim RC, Binder DK, Cramer SC, Lin JJ. Altered white matter integrity in temporal lobe 
epilepsy: association with cognitive and clinical profiles. Epilepsia 2010; 51(4):536-45.
Rubinov M, Sporns O. Complex network measures of brain connectivity: uses and interpretations. Neuroimage 2010 Sep 
1;52(3):1059-69.
Sanz LP, Knock SA, Woodman MM, Domide L, Mersmann J, McIntosh AR, Jirsa V. The Virtual Brain: a simulator of 
primate brain network dynamics. Frontiers in neuroinformatics 2013; 7:10.
Schoene-Bake JC, Faber J, Trautner P, Kaaden S, Tittgemeyer M, Elger CE, Weber B. Widespread affections of large fiber 
tracts in postoperative temporal lobe epilepsy. Neuroimage 2009; 46(3):569-76.
Seidenberg M, Kelly KG, Parrish J, Geary E, Dow C, Rutecki P, Hermann B. Ipsilateral and contralateral MRI volumetric 
abnormalities in chronic unilateral temporal lobe epilepsy and their clinical correlates. Epilepsia 2005; 46(3):420-30.
Shamim S, Wiggs E, Heiss J, Sato S, Liew C, Solomon J, Theodore WH. Temporal lobectomy: resection volume, 
neuropsychological effects, and seizure outcome. Epilepsy & Behavior. 2009 Oct 1;16(2):311-4.
24
Shipp S. The functional logic of corticostriatal connections. Brain Structure and Function. 2017 Mar 1;222(2):669-706.
Sinha N, Wang Y, Dauwels J, Kaiser M, Thesen T, Forsyth R, Taylor PN. Computer modelling of connectivity change 
suggests epileptogenesis mechanisms in idiopathic generalised epilepsy. NeuroImage: Clinical 2019 Jan 1;21:101655.
Spencer S, Huh L. Outcomes of epilepsy surgery in adults and children. Lancet Neurol 2008; 7: 525–537.
Spencer DD, Spencer SS, Mattson RH, Williamson PD, Novelly RA. Access to the posterior medial temporal lobe 
structures in the surgical treatment of temporal lobe epilepsy. Neurosurgery. 1984 Nov 1;15(5):667-71.
Tang Y, Xia W, Yu X, Zhou B, Luo C, Huang X, Chen Q, Gong Q, Zhou D. Short-term cerebral activity alterations after 
surgery in patients with unilateral mesial temporal lobe epilepsy associated with hippocampal sclerosis: a longitudinal 
resting-state fMRI study. Seizure 2017 Mar 1;46:43-9.
Taylor PN, Han CE, Schoene-Bake JC, Weber B, Kaiser M. Structural connectivity changes in temporal lobe epilepsy: 
Spatial features contribute more than topological measures. NeuroImage: Clinical. 2015 Jan 1;8:322-8.
Taylor PN, Sinha N, Wang Y, Vos SB, de Tisi J, Miserocchi A, et al. The impact of epilepsy surgery on the structural 
connectome and its relation to outcome. NeuroImage Clin 2018; 18
Traynor C, Heckemann RA, Hammers A, O'Muircheartaigh J, Crum WR, Barker GJ, Richardson MP. Reproducibility of 
thalamic segmentation based on probabilistic tractography. Neuroimage. 2010 Aug 1;52(1):69-85.
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot M. Automated 
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject 
brain. Neuroimage 2002; 15(1):273-89.
Wang HL, Wang NY, Yeh FC. Specifying the diffusion MRI connectome in Chinese-speaking children with 
developmental dyslexia and auditory processing deficits. Pediatrics & Neonatology. 2019; 60(3):297-304.
Wieser HG, Blume WT, Fish D, Goldensohn E, Hufnagel A, King D, et al. Proposal for a New Classification of Outcome 
with Respect to Epileptic Seizures Following Epilepsy Surgery. Epilepsia 2001; 42: 282–286.
Winston, Gavin P., Jason Stretton, Meneka K. Sidhu, Mark R. Symms, and John S. Duncan. "Progressive white matter 
changes following anterior temporal lobe resection for epilepsy." NeuroImage: Clinical 4 2014; 190-200.
Yeh FC, Tang PF, Tseng WY. Diffusion MRI connectometry automatically reveals affected fiber pathways in individuals 
with chronic stroke. NeuroImage: Clinical 2013a; 2:912-21.
Yeh FC, Verstynen TD, Wang Y, Fernández-Miranda JC, Tseng WY. Deterministic diffusion fiber tracking improved by 
quantitative anisotropy. PloS one 2013b; 8(11):e80713.
Yeh FC, Badre D, Verstynen T. Connectometry: a statistical approach harnessing the analytical potential of the local 
connectome. Neuroimage 2016; 125:162-71.
Yeh FC, Panesar S, Fernandes D, Meola A, Yoshino M, Fernandez-Miranda JC, Vettel JM, Verstynen T. Population-
averaged atlas of the macroscale human structural connectome and its network topology. NeuroImage 2018; 178:57-68.
Yogarajah M, Focke NK, Bonelli SB, Thompson P, Vollmar C, McEvoy AW, Alexander DC, Symms MR, Koepp MJ, 
Duncan JS. The structural plasticity of white matter networks following anterior temporal lobe resection. Brain 2010; 
133(8):2348-64.
Zalesky A, Fornito A, Cocchi L, Gollo LL, van den Heuvel MP, Breakspear M. Connectome sensitivity or specificity: 
which is more important?. Neuroimage 2016; 142:407-20.
25
26
27
28
Highlights
● Diffusion changes assessed at two time points following epilepsy surgery. 
● Graph theory and connectometry revealed substantial longitudinal diffusion changes.
29
● Changes were found beyond the site of resection.
● Postoperative seizure freedom associated with longitudinal structural changes.
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